Background. The lower superior vena cava (SVC), near its junction with the right atrium (RA), is considered the ideal location for the central venous catheter tip to ensure proper function and prevent injuries. We determined catheter insertion depth with a new formula using the sternoclavicular joint and the carina as radiological landmarks, with a 1.5 cm safety margin. The accuracy of tip positioning with the radiological landmark-based technique (R) and Peres' formula (P) was compared using transoesophageal echocardiography. Methods. Real-time ultrasound-guided central venous catheter insertion was done through the right internal jugular or subclavian vein. Patients were randomly assigned to either the P group (n¼93) or the R group (n¼95). Optimal catheter tip position was considered to be within 2 cm above and 1 cm below the RA-SVC junction. Catheter tip position, abutment, angle to the vascular wall, and flow stream were evaluated on a bicaval view. Results. The distance from the skin insertion point to the RA-SVC junction and determined depth of catheter insertion were more strongly correlated in the R group [17.4 (1.2) and 16.7 (1.5) cm; r¼0.821, P<0.001] than in the P group [17.3 (1.2) and 16.4 (1.1) cm; r¼0.517, P<0.001], with z¼3.96 (P<0.001). More tips were correctly positioned in the R group than in the P group (74 vs 93%, P¼0.001). Abutment, tip angle to the lateral wall >40
Central venous catheterization is a standard clinical practice for infusion of fluids, blood products, or vasoactive drugs to the central circulation and to monitor central venous pressure during perioperative periods. However, this procedure can lead to significant complications, including cardiac arrhythmia, vascular injury, hydrothorax, haemothorax, hydromediastinum, and cardiac tamponade. [1] [2] [3] Such complications can occur when the catheter tip is inserted within the heart chamber or when it abuts the vascular wall at a steep angle. 4 Although optimal positioning of the catheter tip is controversial according to short-term or long-term use and catheter performance, the US Food and Drug Administration has stated that the catheter tip should not be located in or allowed to migrate into the heart. 5 If the running direction of the catheter is not parallel to the long axis of the superior vena cava (SVC), the vascular wall can be eroded by touching the tip of the catheter. In addition, venous thrombosis and misplacement of the catheter in the left brachiocephalic vein or small collateral vessels, such as the azygous vein, are possible in the upper and middle SVC. 6 7 To prevent these risks and to ensure proper haemodynamic monitoring, the catheter tip should be in the lower SVC, near the junction of the right atrium and the SVC (RA-SVC junction). 4 5 The lower SVC, near the RA-SVC junction, might be the optimal position of the catheter tip for monitoring and administration of vasoactive drugs during perioperative periods and for preventing malfunction, migration, and thrombosis. Moreover, if the catheter tip is positioned in the lower SVC, near the RA-SVC junction, the catheter tip should float freely inside the vessel lumen without abutment, and the devastating complication of cardiac tamponade might be avoided, even though the catheter tip is positioned below the level of pericardial reflection on the SVC, and even in the upper RA. Several methods have been used to verify the position of the catheter tip. In most instances of short-term perioperative use, the position is confirmed by a post-procedural chest radiograph, not by real-time imaging. Post-procedural radiographic imaging is time consuming, involves radiation exposure, and creates the possibility of infection from repositioning. 8 Intracardiac ECG while observing the P wave can resolve differences in interpretation according to the waveform of the P wave, but is difficult in patients with a pacemaker or atrial fibrillation. 9 Transthoracic echocardiography is limited by the transmission of ultrasound beams to the SVC and the skill of the practitioner, and can be difficult to use in obese patients or those with pneumothorax. 10 Transoesophageal echocardiography (TOE), which provides information on the structure and function of the heart, can verify the RA-SVC junction and actively illustrates the angle of the catheter tip to the vascular wall.
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To avoid intracardiac catheter placement, the Peres formula relating body height to catheter insertion depth has been widely used. It is simple to use and easy to remember in traditional landmark-based central venous catheterization. 12 However, this method does not take into consideration individualized needle insertion points and different images for real-time ultrasound guidance. The suggestion that catheters in the subclavian vein generally need to be inserted 2 cm less than those from the internal jugular vein (IJV) is dismissed by most clinicians today. This change could be a result of the ultrasound moving the vein puncture laterally to the axillary rather than the subclavian vein. The tracheal carina is an attractive radiological landmark for catheter tip positioning. 13 The right brachiocephalic vein is formed by the union of the right subclavian veins and the IJV behind the right sternoclavicular joint, and descends vertically. 14 The sternoclavicular joint can be identified on chest radiograph and is superficially palpable at the medial end of the clavicle. Taking into account the relationship between these anatomical structures, we planned to position the catheter tip in the lower SVC, close to the RA-SVC junction, with a new formula for estimating catheter insertion depth using the skin insertion point with real-time ultrasound guidance. The right sternoclavicular joint and the carina were used as the radiological landmarks, and a distance of 1.5 cm was added as a safety margin. This study evaluated the location of the central catheter tip between our radiological landmark-based technique and the existing Peres formula using TOE.
Methods
The institutional review board of Kangdong Sacred Heart Hospital approved the study (institutional review board no. 2016-02-004-001), and written informed consent was obtained from either patients or relatives. This prospective, randomized study was conducted from February to July 2016, and was registered with the Clinical Trial Registry of Korea (KCT0001937). We recruited 198 subjects 20-80 yr of age, for whom central venous catheterization and TOE examination were planned to monitor or evaluate cardiac function, structure, and haemodynamic changes in major surgery. Exclusion criteria were a change in the mediastinal structure from previous thoracic surgery or lung neoplasm, any potential risk from TOE examination, including oesophageal varices, fistula, or stenosis, or refusal to enrol.
Central venous catheterization was done by real-time ultrasound guidance with a portable ultrasound machine (MicroMaxx; SonoSite Inc., Bothell, WA, USA) equipped with a linear array transducer (HFL38/13-6 MHz; SonoSite Inc.). The site for catheterization selected for patients undergoing neurovascular or neck surgery was the right subclavian vein. The site for other subjects was in the right IJV, taking into consideration the judgement of the practitioners and patient comfort.
Subject characteristics, including sex, age, height, and weight, were recorded. Subjects were randomized by computergenerated randomization (www.graphpad.com/quickcalcs, 1:1 in block sizes of six) to either the Peres formula group (P group) or the radiological landmark group (R group). In the P group, catheter insertion depth was derived from the Peres formula as height/10 cm for the right IJV and (height/10)À2 cm for the right subclavian vein. In the R group, the vertical length from the midpoint of the right sternoclavicular joint to the carina was measured from the routine preoperative chest radiograph using an internal measuring tool available on the Picture Archiving Editor's key points
• Malpositioned central venous catheters can cause catastrophic complications, but reliable procedures for positioning the catheter tip during insertion are not established.
• Accuracy of catheter tip placement was compared using Peres' formula or a radiological landmark-based technique.
• Catheter tip positioning was more accurate using the radiological landmark-based technique.
and Communication System (PACS; Infinitt Healthcare Co., Ltd, Seoul, Korea). Catheter insertion depth was determined by surface and radiological landmarks, and was estimated by adding a distance from the skin insertion point to the right sternoclavicular joint, the vertical length from the right sternoclavicular joint to the carina, and an additional 1.5 cm.
Central venous catheterizations were done by three anaesthetists who each had >2 yr of experience in real-time ultrasound guidance. The TOE examination was performed by one anaesthetist blinded to the assigned catheter insertion depth.
After induction of general anaesthesia, tracheal intubation was performed and mechanical ventilation was maintained for normocapnia. A multi-plane TOE probe (8-3 MHz MicroMaxx TOE probe; SonoSite Inc.) was inserted into the oesophagus, and a bicaval view was obtained by rotating the transducer at and turning the probe to the right.
In catheterization of the right IJV, each subject was placed in 10
Trendelenburg position, with their head turned slightly to the left. The skin insertion point was between the medial and lateral heads of the sternocleidomastoid muscle, and was close to the level of the cricoid cartilage. The IJV was located relative to the internal carotid artery to determine the optimal site for venous puncture using the transverse axis view of real-time ultrasound. In catheterization of the right subclavian vein, subjects were placed in 10 Trendelenburg position, with their upper limbs abducted to prevent misplacement of the catheter. 15 The skin insertion point was on the inferior side of the right clavicle and lateral to its midpoint, while an optimal ultrasonographic image of the straight portion of the subclavian or proximal axillary vein was maintained on the longitudinal axis view.
After sterile preparation and draping, a 7 Fr, 20-cm-long polyurethane catheter (two-lumen indwelling catheter; Arrow International Inc., Reading, PA, USA) was inserted under realtime ultrasound guidance with the modified Seldinger method in the IJV and with the Seldinger method in the subclavian vein.
In the P group, the cricoid cartilage was chosen as the reference point for IJV catheterization, and the medial curve of the clavicle was the reference point for subclavian vein catheterization. The surface distance between the skin insertion point and the reference point was measured with a sterile disposable ruler. A commercially available guidewire, with length indicated every 10 cm, was inserted and advanced, with the j-tip pointing downward, to a depth determined by adding or subtracting the measured surface distance between the skin insertion point and the reference point from the length calculated by the Peres formula. The determined depth of insertion was defined as the length from the curve of the j-tip to the point of the guidewire exposed at the skin insertion. An exposed guidewire length between the skin insertion site and the 20 cm length indicator on the guidewire left outside the skin was measured using the sterile ruler, and the depth of insertion was determined by subtraction of this exposed length from the total 20 cm length.
In the R group, the right sternoclavicular joint was chosen as the landmark on the skin surface for both IJV and subclavian vein catheterization. The surface distance from the skin insertion point to the right sternoclavicular joint was measured. A guidewire was inserted and advanced using the same methods described above to a depth determined by the sum of the measurements for the surface distance, the vertical length from the right sternoclavicular joint to the carina, and 1.5 cm. The determined depth of insertion was confirmed using the same method in the P group.
In both groups, after the guidewire was advanced and secured at the determined depth, the bicaval view of TOE identified the location of the j-tip in relationship to the RA-SVC junction (Fig. 1) . The RA-SVC junction on echocardiography was determined as the base of the superior edge of the crista terminalis. 16 The area within 2 cm above and 1 cm below the RA-SVC junction was considered as the target zone. On TOE examination, the area 1 cm below the RA-SVC junction had a wide diameter compared with the RA-SVC junction. The catheter tip moved freely, without impingement, in this area, and we accepted catheter tip placement 1 cm below the RA-SVC junction (i.e. inside the upper RA). The optimal position was insertion of the j-tip to the determined depth within the target zone. If the j-tip was outside the target zone, the position was considered and recorded as suboptimal. If the j-tip was not visible, the guidewire was advanced forward in 0.5 cm increments until it could be seen, and its position was also recorded as suboptimal.
The distance from the skin insertion point to the RA-SVC junction was measured after the j-tip was positioned at the RA-SVC junction under TOE guidance. An exposed guidewire length between the skin insertion site and the 20 cm length indicator on the guidewire left outside the skin was measured using a sterile ruler. We confirmed the distance from the skin insertion point to the RA-SVC junction by subtraction of this exposed length from the total length of 20 cm.
The catheter was passed over the inserted guidewire and secured at the determined depth by measuring marks every centimetre on its surface using the sterile ruler in both groups. The position of the catheter tip was the same as that of the j-tip of the guidewire, and its function was tested under TOE as follows. The catheter position within the lumen of the SVC was examined to determine whether the catheter was located in the centre of the lumen or abutted the medial or lateral wall. The angle of the catheter tip to the vascular wall was measured. Normal saline 2 ml was used as an echographic contrast medium and was flushed through the catheter. Microbubbles on the distal tip were monitored to determine whether the flow stream of microbubbles hit the vascular wall or not. If the catheter abutted the vascular wall, the angle was >40
, or the flow stream hit the vascular wall, the position was regarded as risky, and the catheter tip was repositioned by advancing the tip forward or backward in 0.5 cm increments to be parallel to the vascular wall and near the RA-SVC junction under TOE monitoring. All complications from catheterization were recorded. The primary end point in our study was optimal positioning of the j-tip within 2 cm above the RA-SVC junction and 1 cm below it. Secondary end points were the abutting of the catheter to the vascular wall, the angle of the catheter tip to the vascular wall, and the flow stream hitting the vascular wall.
The literature was reviewed to ascertain the distance between the carina and RA-SVC junction. The right tracheobronchial angle, used as a landmark for the RA-SVC junction in magnetic resonance imaging, was located at least 2.9 cm above the RA-SVC junction. 17 In computed tomography (CT) coronal imaging, the mean distance from the right tracheobronchial angle to the carina was 0.87 cm. 18 In another CT study, in which the mean SVC length was 6.5 cm, the carina was located a mean of 1.3 cm below the midpoint of the SVC. 19 Taking into consideration these measurements, we estimated a distance from the skin insertion point to the carina on preoperative chest radiographs and a distance from the skin insertion point to the RA-SVC junction on TOE in an earlier pilot study of 30 patients. The mean (SD) difference between two values (the distance between the carina and RA-SVC junction) was 2.6 (1.1) cm. Therefore, we considered that a minimal length to locate the catheter tip near the RA-SVC junction was 1.5 cm from the carina and devised a new formula, adding this length from the carina. The sample size calculation was based on data from a pilot study, in which the participants underwent catheterization after being separated into the P group and the R group. Thirty patients were included in each group to calculate the catheter insertion depth. Positioning of the catheter tip within 2 cm above and 1 cm below the RA-SVC junction was defined as optimal. This position had an incidence of 73% (22/30) in the P group and 90% (27/30) in the R group on TOE examination. Based on the rate of optimal positioning, the sample size was calculated using Fisher's exact test in G*power software version 3.1.5 (Franz Faul, University Kiel, Germany) with an a error of 0.05 and a power of 80%. A sample size of 92 subjects in each group was required. Assuming a rate of dropout of $5%, we planned to recruit 198 subjects. Statistical analyses were conducted with the SPSS version 19.0 software (IBM Inc., Armonk, NY, USA). All measurements are presented as the mean (SD) or number of subjects. The v 2 test and Fisher's exact test were used to compare categorical variables, whereas Student's unpaired t-test and the Mann-Whitney U-test were used for continuous variables. Pearson's correlation coefficient (r) was calculated to represent the relationship between actual distance from the skin insertion point to the RA-SVC junction and determined depth of catheter insertion in each group. The significance of the difference between two correlation coefficients was assessed as a value of z using the Fisher r-to-z transformation in VassarStats (http://vassarstats. net/rdiff.html). The result was considered to be statistically significant for P<0.05.
Results
Ten of 198 recruited subjects were excluded because of previous thoracic surgery for lung cancer (n¼1), previous radical neck dissection for hypopharyngeal cancer and flap surgery on the right chest (n¼1), liver cirrhosis with oesophageal varices (n¼2), presence of a peripherally inserted central venous catheter in the antecubital vein (n¼2), or refusal to enrol (n¼4). Finally, 188 subjects (93 in the P group and 95 in the R group) were enrolled ( Fig. 2) . All subjects underwent successful catheterization in the right IJV and subclavian vein, with the exception of one subject in the R group, for whom the catheter was misplaced in the right IJV during right subclavian venous catheterization. This was corrected by direction with a guidewire. The catheter was secured in the SVC, and the subject was included for the statistical analysis. Table 1 shows subject characteristics in both groups. Sex, age, height, weight, BMI, and site of insertion were comparable between groups.
The mean (SD) distance from the skin insertion point to the RA-SVC junction assessed by TOE and the mean determined depth of catheter insertion were 17.3 (1.2) and 16.4 (1.1) cm, respectively, in the P group and 17.4 (1.2) and 16.7 (1.5) cm, respectively, in the R group. The relationship between the actual distance from the skin insertion point to the RA-SVC junction and the determined depth of catheter insertion according to the two groups is shown in Fig. 3 . The correlation coefficient was 0.517 in the P group (P<0.001; Fig. 3a ) and 0.821 in the R group (P<0.001; Fig. 3b) . The difference between the two correlations was statistically significant, and catheter insertion depth was strongly correlated with the actual distance from the skin insertion point to the RA-SVC junction in the R group compared with the P group (z¼3.96, P<0.001). Catheter tip position in relationship to the RA-SVC junction and optimal position in both groups are shown in Fig. 4 .
The results of TOE assessment in both groups are presented in Table 2 . The proportion of optimal tip positioning was 74% in the P group and 93% in the R group. More tips were correctly positioned in the R group than in the P group (P¼0.001). Six tips were positioned below the target zone in the P group and two in the R group (not significant). The number of tips positioned above the target zone was statistically higher in the P group than in the R group (P¼0.003). The incidences of catheter abutment to the vascular wall, tip angle to the lateral wall of the SVC >40
, and flow stream hitting the vascular wall were comparable between groups. There were no complications, including haemothorax, hydrothorax, pneumothorax, and cardiac tamponade, in either group.
Discussion
The main finding of this study is that the catheter tip could be positioned more accurately in the lower SVC near the RA-SVC junction using a radiological landmark-based technique compared with the Peres formula based on body height, as demonstrated by TOE. Catheter insertion depth determined by the radiological landmark-based technique strongly correlated with the actual distance to the RA-SVC junction compared with the Peres formula.
In clinical practice, verification of catheter tip position to the SVC or RA is problematic. On chest radiograph, discrimination of the RA-SVC junction from the inferior border of the SVC using the cardiac silhouette is imprecise and affected by interpretational variability. The carina is easily identifiable on the preoperative chest radiograph and is considered to be near the middle SVC from P wave normalization with the ECG-guided technique. 9 Taking into consideration the previous measurements, we devised a new formula using the carina as a radiological landmark.
Transoesophageal echocardiography has an advantage in that it can be used to rule out catheter looping or unintended suboptimal positioning by direct confirmation of the catheter tip in the RA or lower SVC. We used TOE to verify the catheter tip position and qualify the risk of mechanical injury by realtime viewing of the degree of abutment, angle of the catheter to the SVC wall, and adequate flow stream. A tip angle >40 against a pulsating simulated membrane was more likely to lead to perforation in a laboratory study. 20 In our study, none of the catheters had a tip angle >40 to the lateral wall of the SVC because catheterization was performed on the right side only, below the carina, and with alignment parallel to the long axis of the SVC. Although there was no statistically significant difference, abutment to the medial wall of the SVC occurred in three subjects who underwent subclavian catheterization and in two subjects who underwent IJV catheterization. Of the latter two subjects, one had a low BMI of 17.8 kg m À2 and the other had a height of 153 cm, with small SVC diameters in both patients. In spite of abutment, vascular perforation did not occur because of non-impingement on the vessel wall and a linear flow stream (Fig. 5) . The flow stream hit the vascular wall in four subjects with minimal turbulent flow. The tip locations in these subjects were in the middle SVC and were not consistent with abutment. Optimal positioning of the catheter tip is a controversial issue and depends on the purpose, access site, catheter type, and patient's body habitus. We performed central venous catheterization for monitoring, rapid infusion of fluids and blood, and administration of inotropic drugs to the central circulation. We aimed to position the catheter tip in the lower SVC, close to the RA-SVC junction, for several reasons. If the catheter tip is placed within the centre of the lower SVC lumen, allowing free movement without impingement on the vessel wall and guaranteeing adequate flow, the possibility of cardiac tamponade would be unlikely, even if the catheter tip is located below the pericardial reflection. The lower SVC has advantages of reliable catheter function, with a low incidence of thrombosis or migration of the tip to the azygous vein or contralateral side brachiocephalic vein. In contrast, the upper SVC has a chance of line failure because of patient movement and positional changes. Catheter tip positioning more than 4 cm above the RA-SVC junction reportedly has a high incidence of catheter malfunction. 21 It has been suggested that the catheter tip should be positioned in the middle SVC, outside the pericardial reflection enveloping the lower SVC, to minimize the risk of cardiac tamponade. 22 However, it is difficult to discriminate the pericardial reflection in clinical practice because its course with regard to the SVC varies, and the length between the medial and lateral side of the intrapericardial section of the SVC differs. 23 In chest radiographs, it is impossible to ensure that the tip is positioned exactly above the pericardial reflection in the middle SVC. The only way to identify the pericardial reflection is by seeing the P wave return normal in the intracardiac ECG, but this method requires a sterile alligator, adaptor, and time to interpret, and is not routinely used. Cardiac tamponade is a devastating complication with high mortality, but the incidence is not clear and it is usually reported as case reports. Many instances occurred from a catheter positioned in the RA or right ventricle, a catheter inserted from left-sided access, and related to parenteral nutrition with hyperosmolar solutions, migration of the catheter tip from arm movement in a peripherally inserted central venous catheter, or an out-of-date rigid catheter material. [24] [25] [26] The concept of alignment of the tip to the vascular wall and use of a more flexible material can reduce inadvertent injuries to the vascular wall. The upper and middle SVC is not easily seen on TOE. In contrast, the lower SVC, close to the RA-SVC junction, with assessment on TOE, has a large diameter, in which the catheter tip moves freely without impingement on the vein. Additionally, it is located outside the heart chamber and parallel to the vascular wall. By immediate confirmation of positioning and direct examination of the alignment of the catheter tip to the vascular wall and the flow stream of the infused saline on TOE, the risk of cardiac or vascular injury could be minimized. Cardiac and vascular perforations are the most fatal complications of central venous catheterization and can occur in any location in the SVC or heart chamber. Given that the pericardial reflection envelops the middle third of the SVC, vascular perforation below the pericardial reflection can induce cardiac tamponade, whereas vascular perforation above the pericardial reflection can produce hydrothorax or hydromediastinum. While the primary cause of early-onset perforation is thought to be operator error during insertion, delayed onset perforation is considered to result from mechanical and chemical erosion because of initial malpositioning or migration of the catheter tip. 5 We did not consider catheter tip migration by posture change. In clinical studies, significant migrations of the catheter up to 2-3 cm occurred by posture change from a supine to an upright position or with arm movement when a peripherally inserted central venous catheter was placed through the basilic or cephalic vein. 27 28 In contrast, migration of the catheter by head rotation was minimal to clinically unimportant. 11 We did not observe critical migration of the catheter tip with arm movement or head rotation using TOE. If the catheter is located at the middle SVC, it could migrate to the upper SVC or other site with positional changes from supine to upright and has a chance of vascular irritation and thrombosis. In order to prevent these events, pressure waveform monitoring and periodic chest radiographs are recommended to exclude migration. 29 We experienced atrial arrhythmias in four subjects when venous puncture was done with a dilator to enlarge the track and the inserted guidewire was advanced over the crista terminalis in the RA at the same time, but this was resolved by withdrawing the guidewire. The crista terminalis has a length ranging from 4.0 to 6.2 cm and is a well-defined, fibromuscular ridge originating from the atrial septal wall medially, passing anterior to the opening of the SVC, descending posteriorly and laterally, and ending in the vicinity of the inferior vena cava. 30 It is an important structure as a functional barrier to the cardiac conduction system, and its vicinity to the anatomically diverse sinoatrial node is responsible for paroxysmal atrial fibrillation and atrial flutter from initiating ectopic atrial beats. 31 32 On the bicaval view of TOE, it is seen as an extending ridge or flap from the opening of the SVC, descending along the junction between the RA appendage and the posterolateral aspect of the RA. Caution should be exercised when the guidewire is advanced beyond the crista terminalis. There were several limitations to this study. First, all catheterizations were performed through the right side. Unfortunately, it is difficult to position the catheter tip close to the RA-SVC junction using the radiographic landmark in leftside catheterization because the course and junction of the left brachiocephalic vein to the SVC might not be revealed on a chest radiograph. In addition, because left-side catheterization has a risk of abutment and impingement of the catheter on the vascular wall from acute curvatures formed by the left IJV into the brachiocephalic vein and by the brachiocephalic vein into the SVC, we did not consider left-side catheterization. Second, we conducted the analysis and interpretation of measurements not separated according to the two routes of insertion but combined. A small sample size and an insufficient power for the subclavian vein catheterization could not determine which formula is more accurate, that for IJV or subclavian venous access. A large-scale trial will be required to confirm the accuracy of the radiological landmark method according to the route of access. Third, there might be physical differences in the length of the neck and the chest circumference according to race, such that our results might not be applicable to other non-Asian populations because our study was conducted at a single institution in Korea.
In conclusion, this radiological landmark-based technique was more accurate than the Peres formula to locate the catheter tip in the lower SVC, near the RA-SVC junction, for real-time ultrasound-guided right-side central venous catheterization. However, considering that abutment to the vessel was observed in three subjects in the R group, the radiological landmarkbased technique could not avoid the potential risks of vascular injury. It might be possible to reduce the chance of devastating complications if the catheter tip position is confirmed by TOE evaluation. Further studies are needed to establish the benefits of the radiological landmark-based technique.
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